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Abstract 
For compartment fires with an opening, two distinct states are widely recognized: 
well-ventilated (oxygen is sufficient for combustion inside the compartment) and under-ventilated 
(oxygen is completely used inside the compartment). And as a consequence, the flame ejects out 
through the opening with excess fuel burning outside when reaching under-ventilated condition. 
However, in this work, a further transitional behavior of under-ventilated compartment fires with 
increasing fuel supply is revealed and quantified. Experiments were carried out using an 
under-ventilated fire compartment (0.4 m cubic) with a fixed opening width (0.25 m) and various 
opening heights (0.0125 m to 0.15 m) (corresponding ventilation factors, A H , 3.49×10-4 to 1.45
×10-2 m2.5). The temperature inside the compartment and the facade flame ejected through the 
opening were recorded with increasing fuel supply (or namely total heat release rate) for 
under-ventilated conditions. The results showed that when the under-ventilated compartment fire 
reached a transitional state, the temperature inside the compartment experienced a sudden drop 
associated with a sudden increase of facade flame height outside the opening, posing a more severe 
impact on the building facade. The critical fuel supply rate for reaching the transitional state could be 
divided into two different mechanisms by a critical value of the opening ventilation factor 
( 0.5 =0.0033A H    kg/s), based on the mass balance and flame stoichiometric extinction analysis 
inside the compartment. The formula for describing the critical fuel supply rate by considering the 
evolution of the critical air-fuel equivalence ratio (  ) for both mechanisms was proposed. The 
classic model on the facade flame height for common under-ventilated compartment fires was found 
to be not applicable when the transitional state of under-ventilated condition had been reached. A 
new model was proposed to correlate the facade flame height for the transitional state of 
under-ventilated condition, which was shown to have a 2/3 power dependence on the total heat 
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release rate taking the opening width as the characteristic length. 
Key words: under-ventilated compartment fire; opening ventilation factor; temperature; facade 
flame height; transitional state. 
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Nomenclature  
A  opening area [m2] 
A H  ventilation factor of compartment opening [m2.5] 
TA  total exposed surface area of the compartment [m
2] 
dC  flow coefficient at the opening [dimensionless] 
pC  specific capacity of gas [kJ/kg K] 
 g  gravitational acceleration [m/s2] 
H  opening height [m] 
ch  total heat loss coefficient from enclosure [kW/(m
2K)] 
1  characteristic length scale of assumed rectangular fire source [m] 
2  characteristic length scale of assumed rectangular fire source [m] 
am  air inflow rate through the opening [kg/s] 
,a cm  critical air inflow rate for the two different transitional mechanism [kg/s] 
,a maxm  air inflow rate for under-ventilated fire [kg/s] 
fm  fuel supply rate [kg/s] 
,f cm  critical fuel supply rate for reaching the transitional state [kg/s] 
gm  gas outflow rate through the opening [kg/s] 
N  number of elements in a sample 
totalQ  total heat release rate [kW] 
*
totalQ  non-dimensional total heat release rate [dimensionless] 
insideQ  heat release rate inside the compartment [kW] 
exQ  excess heat release rate [kW] 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 5 
 
*
exQ  non-dimensional excess heat release rate [dimensionless] 
S  stoichiometric ratio of mass flow rate of air to fuel [dimensionless] 
T  ambient air temperature [K] 
W  opening width [m] 
iX  the ith variable 
X  the average value of the variable 
fZ  flame height [m] 
Greek symbols  
iX  an uncertainty in the result 
  air-fuel equivalence ratio [dimensionless] 
a  ambient air density [kg/m
3] 
g  density of hot gas [kg/m3] 
  standard deviation of a population 
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1. Introduction 
Fire development inside a compartment with an opening (such as a window) is a fundamental 
scientific problem for fire dynamics. It is widely recognized as basic classic knowledge [1-5] that 
with an increase in the fuel supply rate or heat release rate, the compartment fire evolves from 
well-ventilated condition to under-ventilated condition. For a fully developed under-ventilated 
compartment fire, the air inflow rate (commonly taken as 0.5am A H  [3], where A H  is the 
ventilation factor, A is the opening area and H is the opening height) is not sufficient to burn all the 
fuel inside the compartment (maximum heat release rate inside the compartment as 1500A H  kW 
[6-8]). The unburnt excess fuel flows out through the opening producing a facade flame with an 
excess heat release rate ( 1500ex totalQ Q A H  kW [6, 7, 9]). 
Based on the energy balance analysis, Delichatsios [10] proposed a correlation of the 
temperature evolution inside the compartment for both well-ventilated and under-ventilated 
conditions. It was found that the temperature increased with increasing of heat release rate for 
well-ventilated condition; whereas it remained nearly constant for under-ventilated condition, as the 
heat release rate inside the compartment (1500A H kW) was controlled by the maximum air mass 
inflow ( 0.5am A H ) or the corresponding burning rate for a under-ventilated fire [11-13]. The 
facade flame height through the opening at under-ventilated condition, as an important parameter to 
quantify the impact of the external fire upon the facade as well as the fire spread over the facade, had 
also been widely investigated [14-18]. Lee and Delichatsios [7,14] proposed that the ejected facade 
flame can be considered as that produced by a rectangular source siting at the neutral plane of the 
opening, with two physical length scales (  
2 5
1 A H  parallel to facade;  
1 4
2
2 AH  
perpendicular to facade) representing the exiting buoyant convective flow condition at the opening. 
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The facade flame height ( fZ ) was shown to be well correlated to the excess heat release rates 
( 1500ex totalQ Q A H  ) employing the proposed length scale [7]:  
5 2 5 2
1 1 1
1500f ex total
a p a a p a
Z Q Q A H
f f
c T g c T g 
   
    
   
   
                   (1) 
One important assumption in the previous studies and analyses is that the air mass flow rate into 
the compartment is equal to the gas mass flow rate out of the compartment ( a gm m ) [6]. This is 
based on the fact that the air mass inflow rate is usually far greater than the fuel supply flow rate 
( a fm m ), although the complete mass balance suggests g a fm m m  . However, this 
assumption ceases to be not valid if the mass flow rate of the fuel supply is comparable to the air 
mass inflow rate. This is particularly important when the opening height is small (i.e., small 
ventilation factor by noting that the air mass inflow rate is proportional to the 3/2 power of the 
opening height, 3/2am A H H ) and as a result a small air mass inflow rate [19-21]. It could be 
expected that for a fully developed compartment fire (i.e., after flashover), the temperature of the 
wall and ceiling could be very high that could provide strong radiation feedback heat flux to the fuel 
surface. So that the flow rate of pyrolysis gases (fuel) should be still very high, although the oxygen 
inside the compartment might be not enough to sustain the flaming combustion with an 
under-ventilated condition. It was found that the fuel mass flux could reach the value of 30~70 
g/(m2s) for a fully developed fire [22]. In contrast, considering a common window size of 1 m×1 m 
for a real room, the maximum air mass inflow rate could be about 500 g/s (0.5AH1/2). If taking 
averaged fuel mass flux of 50 g/ (m2s), this means that a fuel surface area of only 3 to 5 m2 or higher 
(which is common for a room), the fuel mass flow rate could be comparable to the air mass flow rate, 
i.e., with a mass flow rate ratio of 0.3~0.5 or higher. So, there should be a transitional state when the 
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fuel supply ( fm ) inside the compartment increases to a relatively high considerable level, for which 
the classic knowledge and correlation on under-ventilated compartment fire as well as the facade 
flame height through the opening might not be reliable. This remains a knowledge margin for 
understanding of compartment fire.  
The importance of this transitional state as an essential phenomenon for a fully developed 
under-ventilated compartment fire was mentioned in an early study by Thomas [23]. It was 
commented [23] that this transitional state could be of more practical interest as it could be 
anticipated that air entry through the opening would be prohibited eventually if the fuel gas flow 
became large enough that all the flames would be outside the opening. The transitional state as 
expected by Thomas (all the fuel burn outside with no flame inside the room) showed to occur in a 
real fire accident [24]. Moreover, it can be also expected that this phenomenon could be much easier 
to happen if a liquid or gas leakage fire occurred inside a compartment. 
Nevertheless, there is still no experimental work in the literature to quantify this basic 
under-ventilated compartment fire transition scenario, and hence how the facade flame behaves 
outside the opening and what the scaling law of the flame height is, when the transitional state of 
fully developed under-ventilated compartment fire is reached.  
In the present study, experiments were carried out for under-ventilated compartment fires with 
increasing fuel supply to reach the transitional state for various opening sizes. The evolutions of 
temperature inside the compartment and facade flame height outside the opening were quantified. 
The critical condition for reaching the transitional state of fully developed under-ventilated 
compartment fire was clarified; and a new model for the facade flame height under this transitional 
state was also developed. 
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2. Experiments  
A reduced-scale experimental model (based on Froude similarity [25, 26]) consisting of a cubic 
compartment (dimensions: 0.4 m) and a facade of 1.6 m (H) ×1.2 m (W) was employed, as shown in 
Fig.1. The compartment was made up with a 1 mm thick steel plate and the 0.03 m thick ceramic 
fiber boards were attached to the compartment inner surface for thermal insulation (thermal 
properties: density, thermal conductivity and specific heat is 285 kg/m3, 0.18 W/(m·K) and 1390 
J/(kg·K), respectively; thermal inertia calculated to be about 267 J/(m2·K·S0.5). The characteristic 
time for reaching steady state with our experimental setup can be calculated to be
 
 
 
2
22
3
3 10 m
495s
4 4 0.18W/(mK) 285kg/m 1390J/(kgK)
t
k c



  
       
. The experiments are confirmed to reach steady state, 
as evidenced by the temperature history curve shown in Fig. 1 (a). A 0.2 m steel-welded square 
porous propane burner was used as the fire source at the center of the compartment, the burning 
surface was flush with the floor with small circular holes (diameter: 5 mm) drilled on the surface at a 
spacing of 1 cm. Employing a gas burner, rather than a solid or liquid fuel fire source, will have the 
fuel supply controllable, which benefits to resolve the aerothermodynamics of the problem. The fuel 
supply flow rates were controlled by a mass flowmeter (accuracy of 0.01 SLPM (Standard Liter Per 
Minute)). The dynamic pressure differential (
21
2
v : in the magnitude of 10-6~10-2 Pa) caused by the 
fuel discharge momentum at the fire source could be negligible comparing to the thermal 
buoyancy-induced pressure ( P gh   : in the magnitude of 101 Pa). Seven openings were 
considered, with a fixed width (0.25 m) and various opening heights from 0.0125 m to 0.15 m, 
representing different ventilation factors ( A H ). 
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Table 1 Summary of experimental conditions.  
Opening size 
(W×H, cm) 
Ventilation factor  
( A H , m
2.5) 
Calculated critical air 
mass flow rate of 
under-ventilated  
0.5am A H
[1,3] (kg/s) 
Fuel supply flow rate 
range 
fm  (kg/s) 
Fuel supply 
HRR range 
(kW) 
25×1.25 
25×2.5 
25×5 
25×7.5 
25×10 
3.49×10-4 
9.88×10-4 
2.80×10-3 
5.14×10-3 
7.91×10-3 
1.75×10-4 
4.94×10-4 
1.40×10-3 
2.57×10-3 
3.95×10-3 
(0.153-2.14)×10-4 
(0.153-2.75)×10-4 
(0.61-2.75)×10-4 
(0.61-2.75)×10-4 
(0.61-9.15)×10-4 
0.77-10.76 
0.77-13.84 
3.07-13.84 
3.07-13.84 
3.07-46.12 
25×12.5 1.10×10-2 5.53×10-3 (0.61-13.4)×10-4 3.07-67.63 
25×15 1.45×10-2 7.26×10-3 (0.61-22.9)×10-4 3.07-115.28 
A CCD camera (50 fps; sensor size 8.5 mm with 3,000,000 pixels) was employed to record the 
ejected flame height. An image processing program was used to get the average flame contours, and 
to quantify the ejected flame height. As shown in Fig. 1(b), the original flame image was converted 
to grey-scale image and further to binary image using the Otsu method [27] employing MATLAB 
program. Flame intermittency distribution was then obtained by averaging the values of these 
consecutive binary images in each pixel position [28]. Then, the flame intermittency distribution 
contour was used to represent one experimental case to get the mean flame dimension values at 
intermittency = 0.5. Two thermocouple arrays (four 0.5 mm diameter K-type thermocouples with 
vertical interval of 0.05 m) were allocated at the inner and outer corners (0.05 m to both adjacent 
walls). The temperature measurements were calibrated with radiation error [29, 30] by employing 
two thermocouples of different diameters (0.5 mm, 1 mm) at the same location. The temperature 
error due to the radiation loss was found to be less than 9%. For each case, the fuel supply heat 
release rate was maintained at a given level for 15 minutes to reach a steady state, which was 
evidenced by the fact that the time variation temperature curve (exemplified in Fig. 1) reached the 
steady state. All the experimental conditions are listed in Table 1 for different opening dimensions 
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(ventilation factor range from 3.49×10-4 to 1.45×10-2) and fuel supply heat release rates (a wide range 
to ensure that compartment fire developed from well-ventilated to transitional state). In total, 103 test 
conditions were examined. Each test condition was repeated 3 times, and the averaged values were 
used for discussions and analysis. Tables 2 and 3 show the estimated uncertainties of the measured 
temperature and facade flame height for the opening size of 25 cm (W) ×5 cm (H) as an example by 
using the method provided by Morffat [31], in which the experimental uncertainty can be estimated 
with  measuredi i iX X X  ,    
2
1
1
N
i
i
X X N

   , where the value of the  measurediX  
is the observation in a single-sample experiment, the value of iX represents 2  for a 
single-sample analysis, N is the times of the repeated experiments,   is the standard deviation of 
the population of possible measurements. The relative uncertainty ( 2 Average ) for temperature 
and flame height for all the test conditions is found to be less than 7% with 95% confidence.  
Table 2 Measurement uncertainty estimation for temperature inside the compartment. 
Test 
No. 
HRR 
(kW) 
Fire 
condition 
Temperature (℃) 
Average (℃) 2 (℃) 
2
%
Average

 
Repeat Ⅰ Repeat Ⅱ Repeat Ⅲ 
1 3.07 
Well- 
ventilated 
318 335 320 324 18.8 5.79 
2 4.61 388 398 411 399 22.8 5.72 
3 6.92 484. 501 478 488 24.3 4.99 
4 7.67 
Transitional 
state 
312 294 307 304 9.18 6.03 
5 9.22 264 254 268 262 18.4 5.61 
6 12.30 194 196 206 198 13.6 6.85 
7 13.84 198 193 203 198 9.61 4.85 
Table 3 Measurement uncertainty estimation for facade flame height.  
Test 
No. 
HRR 
(kW) 
Fire 
condition 
Flame height (m) 
Average (m) 2 (m) 
2
%
Average

 
Repeat Ⅰ Repeat Ⅱ Repeat Ⅲ 
1 7.67 Transitional 0.465 0.486 0.474 0.475 0.020 4.29 
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2 9.22 state 0.469 0.491 0.482 0.481 0.023 4.78 
3 12.30 0.506 0.534 0.529 0.523 0.030 5.81 
4 13.84 0.541 0.567 0.558 0.555 0.026 4.76 
3. Results and discussion 
3.1 Temperature evolution inside compartment and flame phenomenon 
Figure 2 presents the measured average temperature inside the compartment with increasing 
HRR and associated flame characteristics for each opening size. These temperature measurements 
show to be nearly uniform with a relative difference less than 20 ℃ for the under-ventilated 
condition. Three different types of temperature variation curves can be identified for various 
openings (ventilation factors): 
(1) For the larger openings (0.25 m×0.15 m; 0.25 m×0.125 m; 0.25 m×0.10 m), the temperature 
inside the compartment first increases (stage Ⅰ, flame within the compartment) and then slightly 
decreases (stage Ⅱ, flame stays at the upper part of the opening) with fire growth changing from 
well-ventilated to under-ventilated conditions, which is well recognized in previous experiments and 
theory [7, 10]. However, when the heat release rate is further increased, a transitional behavior (stage 
Ⅲ, a transitional state of under-ventilated condition) is found manifested by the fact that the 
temperature inside the compartment experiences a sudden drop to a relatively low level (indicating 
no combustion inside the compartment and all the fuels burn outside). This state is also accompanied 
by an ejected flame that fills the whole opening and a considerable increase of flame height of the 
ejected flame. 
(2) For the medium openings (0.25 m×0.075 m; 0.25 m×0.05 m; 0.25 m×0.025 m), the 
temperature inside the compartment first increases (stage Ⅰ, flame within the compartment) and then 
suddenly decreases to a relatively low level with the flame filling the whole opening at the moment 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 13 
 
of flame ejecting outside (stage Ⅲ, transitional state). The classic ventilation-controlled condition is 
not observed for these cases. 
(3) Finally, for the smallest opening (0.25 m×0.0125 m), the highest gas temperature inside the 
compartment is observed for the case with the lowest HRR. The temperatures at different locations 
are nearly the same indicating the gases inside the compartment are completely well-mixed. With 
increasing HRR, temperature continues to decrease. The fact that the maximum temperature 
observed is less than 200 ℃ indicates that the gaseous fuel cannot burn inside the compartment and 
the ejected flame fills the whole opening (stage Ⅲ, similar to the transitional state observed for above 
openings). 
It can be seen from above observations that there is a basic transitional behavior when the fuel 
supply heat release rate reaches a critical value (indicated by red circles in Fig.2). After that, no air 
flows into the compartment resulting in fire extinction inside the compartment and a sudden increase 
of the flame height on the facade. This state is in accordance with the state that was expected in the 
early study by Thomas [23], although it was beyond the range of those early experiments. Thomas 
investigated the effect of fuel surface area on the gross rate of fuel decomposition and heat release 
inside the compartment and found that the heat transfer first increased and then showed a rapid 
falling off with the increasing of the gross rate of gaseous fuel flow. And the maximum heat transfer 
decreased with the decreasing of window area, which was consistent with the temperature evolution 
shown in Fig.2 for different opening area. 
3.2 Theoretical analysis and model on critical fuel mass flow rate of transition state 
The transition behavior mentioned above can be explained by the theoretical analysis based on 
mass conservation and flame extinction inside the compartment. When considering the fuel supply 
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mass flow rate inside the compartment, the conservation of mass therefore demands that the gases 
exiting the enclosure must equal the air entering the enclosure plus the mass produced in the 
enclosure, expressed as 
a f gm m m 
                            (2) 
It has been established [6] that the air mass inflow rate through the opening can be expressed as 
according to the analysis of the mass balance based on the neutral plane at the opening, 
 
3 2
2 3
2
2
3
1
1
d a a g
a
f a
g a
C g A H
m
m m
  
 


     
  
  
                       (3) 
It is also found [6] that the values of density term  
2 3
1 g a  and  a a g    in Eq. (3) varies 
from 1.44 to 1.71 and from 0.97 to 1.07 when the temperature range from 600℃ to 1200℃. Taking 
an average value of 1.6 for  
2 3
1 g a  and 1.0 for  a a g   , Eq. (3) can be further 
simplified as 
  
3 2
2 3
2.1
1.6 1 1
a
f a
A H
m
m m

 
                           (4) 
The above formula shows that the air mass inflow decreases with increasing of fuel supply. This is 
also indicated by simplified analysis done by Delichatsios [32] with an equation developed for air 
mass inflow rate in relation to the fuel mass flow rate, taking 0.25a gT T   ( aT is the air temperature 
and gT is the gas temperature), which is expressed as, 
0.5 0.53a fm A H m                                (5) 
As shown in Fig.3, the variation of air mass inflow with fuel mass flow rate based on Eqs. (4) 
and (5) agree well. They both show that: (1) When the fuel mass flow rate is negligible (i.e., 0fm  ), 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 15 
 
Eqs. (4) and (5) can be written as , 0.5a maxm A H , which represents the air mass inflow rate for an 
under-ventilated fire as well reported previously [3, 6]; and (2) with the increasing fuel mass flow 
rate, the air mass inflow rate would decrease and finally becomes zero (i.e., 0am  ) when the fuel 
mass flow rate is sufficiently large. It can be anticipated that when the air mass inflow rate is 
sufficiently low (or corresponding to a sufficiently large fuel supply mass flow rate), the oxygen 
concentration inside the compartment will be not enough to sustain the flame, which will lead to 
flame extinction. So, there will be a transition behavior (stage Ⅲ, as shown in Fig.2) when the fuel 
mass flow rate reaches the critical value ( ,f cm ), which should depend on the opening size (i.e., 
ventilation factor).  
Several previous reports claimed the flame extinction behavior inside a compartment with 
complex flow (mixing) behavior as the consequence of oxygen lean inside the compartment [33, 34]. 
Here in the present study, the parameter   (
 
=
a f a f
a f stoich
m m m m
S m m
) representing the 
air-fuel equivalence ratio inside the compartment is introduced to determine the oxygen lean 
condition leading to the flame extinction. The transition behavior (flame extinction) will occur if the 
air-fuel equivalence ratio ( 1  ) reaches a critical value,  
a fm Sm
                                (6) 
where S is the stoichiometric ratio of air mass inflow rate to the fuel mass flow rate (S =16 for 
propane used in our work). Substituting Eq. (6) into Eq. (5), the model regarding the critical fuel 
mass flow rate for the transitional state can be expressed as: 
,
0.5
0.53
f c
A H
m
S


                              (7) 
From the experimental results (as shown in Fig.2), two transitional mechanisms can be identified for 
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the different ventilation factor. For the relatively small openings (0.25 m×0.075 m, 0.25 m×0.05 m, 
0.25 m×0.025 m, 0.25 m×0.0125 m), the compartment fire developed from the well-ventilated 
condition to the transitional state directly (two-stage transition). However, for the relatively large 
openings (0.25 m×0.15 m, 0.25 m×0.125 m, 0.25 m×0.1 m), the compartment fire first developed to 
the under-ventilated condition, then to the transitional state (three-stage transition). Therefore, it 
indicates that the value of   shows different behaviors for relatively small- (two-stage transition) 
and relatively large openings (three-stage transition). There are two questions to be solved for the 
value of   in Eq. (7): (1) what is the critical opening size, or ventilation factor, for dividing above 
two kinds of transitions; and (2) how does the values of   depend on the ventilation factor of the 
opening for each mechanism. 
Figure 4 plots the air mass inflow rate calculated using Eq. (5) against with the fuel supply flow 
rate for the three relatively large openings (0.25 m×0.15 m, 0.25 m×0.125 m, 0.25 m×0.10 m), as 
the temperature for under-ventilated compartment fire (stage Ⅱ) of these three opening sizes is 
within the scope of Eq. (5) showing well-mixed condition. A linear relation is obtained between the 
critical fuel mass flow rate and the air inflow rate (minimum air/fuel mass flow rate for reaching the 
transitional state): 
, ,1.315 0.0033a c f cm m                                (8) 
Then, an intercept of Eq. (8) with the vertical axis (Y-axis) could be found, which corresponds to the 
critical air mass inflow rate or opening ventilation factor ( 0.5 0.0033
critical
A H  
  kg/s) to have the 
three-stage transition behavior (Figs. 2a, 2b and 2c). The dividing of these two transitional behaviors 
based on the critical ventilation factor ( 0.5 0.0033
critical
A H  
  kg/s) for various opening sizes is 
consistent with the experimental observations in Fig. 2.  
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For relatively small openings ( 0.5 0.0033A H     kg/s), the compartment fire develops directly 
from well-ventilated condition (stage Ⅰ) to the transitional under-ventilated state (stage Ⅲ), where 
the temperature values are not within the scope of application of Eq. (5). Here, it could reasonably 
assume that their critical fuel mass flow rate for the transitional behavior should just be proportional 
to the maximum air mass flow rate ( , 0.5a maxm A H kg/s) that one opening can provide for 
under-ventilated condition. So, the value of the proportion 
1
0.53S 
 in the proposed model Eq. (7) 
for the transitional state should be a constant. This is shown to be well verified by the experimental 
data (as the sub-figure shown in Fig. 4). The experimental results of the critical fuel supply mass 
flow rates for these relatively small opening could be well correlated by Eq. (7), assuming a constant 
value of   (=0.74). This also indicates that the air-fuel equivalence ratio (  ) of critical air mass 
inflow rate to a given fuel flow rate to reach the critical transitional state is independent of opening 
size (or ventilation factor) for the two-stage transition. 
For the relatively large openings ( 0.5 0.0033A H     kg/s), the compartment fire develops 
from well-ventilated condition (stage Ⅰ) to the under-ventilated condition (stage Ⅱ) and then to the 
transitional state (stage Ⅲ). It is noted that a significant difference between the three-stage transition 
for the relatively large openings and the two-stage transition for relatively small opening is the 
maximum temperature inside the compartment (Fig. 2). It is much higher for the three-stage 
transition (over 800 ℃) than that of the two-stage transition. The temperature inside the compartment 
will significantly affect the flame extinction, that is, flame is harder to reach extinction if the 
temperature is higher. So, the temperature effect, which is determined by the ventilation and opening 
factor, should be further accounted for the three-stage transition relative to two-stage transition. The 
value of  can be calculated by using the theoretical model (Eq. (4)) for the relatively large 
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openings. It was found that the value of   decreased with the increasing of the ventilation factor. 
Considering the higher temperature inside the compartment of the under-ventilated period for the 
relatively larger opening as discussed above, it could be anticipated that the value of   should be 
influenced by the temperature and reasonably be a function of the opening factor (
TA H A ) or its 
dimensionless form, 
a P c Tc A gH h A . Figure 5 presents the value of 
  obtained in the 
experiments for the relatively large openings showing three-stage transition as a function of the 
dimensionless form of opening factor, 
a P c Tc A gH h A . A correlation of the value of 
 can be 
developed as: 
 
1.78
1.69 a P c Tc A gH h A 

                           (9) 
The intersection point of the above correlation with the line of constant value of  (=0.74) is 
reached at the abscissa of 1.59. Thus, the value of the critical ventilation factor ( A H ) can be 
calculated range from 0.00658 to 0.00663 by taking the total exposed surface area of the 
compartment ( TA ) to be 0.935 (0.25 m ×0.10 m) and 0.94125 (0.25 m ×0.075 m). This is in good 
accordance with the observation in Fig. 4 as the critical air mass inflow rate or opening ventilation 
factor ( 0.5 0.0033
critical
A H  
  kg/s) to divide the two-stage transition and the three-stage transition. 
It could be interesting to see how the critical values of   compared to the flammability limit of the 
fuel. The upper flammability limit of mixture (propane and air) is 9.5% (volume percentage) and the 
lower flammability limit of propane is 2.1% (volume percentage). The air-fuel equivalence ratio can 
be calculated to be 0.42 and 2.05 for the upper and lower flammability limits, respectively. Figure 5 
shows a comparison of the air-fuel equivalence ratio (  ) obtained in this work (diffusion combustion) 
with the flammability limit of the mixture (air and propane). It can be seen that the value of upper 
flammability limit for the two-stage transition should be higher than the mixture due to the vitiation 
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effect [35]. The vitiation effect of the large amounts of combustion products and hot gas inside the 
compartment significantly influence the mixing of fuel and air. So, the upper flammability limit 
should be higher than 0.42 for compartment fire condition, and the upper flammability limit of 
compartment fire was found to be 0.74 (volume percentage: 5.7%) herein for the two-stage transition. 
For the three-stage transition, the temperature has a significant effect. It is known that [36] the 
flammability limit should decrease with increase of temperature, which for the current study as a 
result of the increased opening size, or namely opening factor. This trend is also consistent with the 
observation for the three-stage transition shown in Fig. 5, where the value of   decreases with 
increasing of opening factor. 
Then, a complete piece-wise function could be finally obtained for the value of   expressed as: 
 
1.78
0.74
=
1.69 a P c T
A H
c A gH h A A H



   

  
              (10) 
Using Eq. (10) and Eq. (7), a prediction model for the critical fuel supply mass flow rate for the 
compartment fire to reach the transitional state (stage Ⅲ) is obtained for any given opening 
ventilation factor: 
 
,
1.78
0.5
0.5 0.0033
0.74 0.53
0.5
0.5 0.0033
1.69 0.53
f c
a P c T
A H
A H
S
m
A H
A H
c A gH h A S


 

 
  
 

           (11a) 
Eq. (11a) can be further written in a non-dimensional form (a more general form 0.133 a A gH  to 
replace the maximum air inflow rate 0.5A H ): 
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 
,
1.78
1
1.6
0.74 0.53
1
0.133 1.6
1.69 0.53
a P c T
f c
a a P c T
a P c T
c A gH h A
Sm
A gH c A gH h A
c A gH h A S

 



  
 
 


    (11b) 
Figure 6 compares the predictions of the critical fuel supply mass flow rate using the proposed model 
with the experimental data, which shows good agreement. For better comparing the experimental 
data and prediction model showing the piece-wise function in Eq. (11a), Fig. 7 presents the critical 
fuel supply mass flow rate as a function of the maximum air mass inflow rate (
, 0.5a maxm A H kg/s) 
for under-ventilated fire, or namely, the ventilation factor of the opening. Here, the averaged values 
of the term 
a P c Tc g h A  (in the range of 0.9225~0.935 with an averaged value of 0.929) was 
used for the three larger openings ( 0.5 0.0033
critical
A H  
  kg/s). Then, the critical fuel supply mass 
flow rates in both regimes could be expressed as a function of 0.5A H  for a comparison in one 
graph. Figure 7 shows that the experimental results of the two regimes for relatively small and large 
openings could be both well approached by the proposed piece-wise function. A note here is the 
generalization of value, 0.5A H , although it has been widely used [6, 10, 37, 38] and validated 
more recently by a similar model-scale experiment [39]. This could be an open question to be noted 
herein. Larger scale fire tests should be valuable future work to validate and extend the application 
range of these correlations. 
3.3 Facade flame height evolution 
Figure 8 presents typical images of flame height evolution with increasing fuel supply heat 
release rate for two opening sizes (0.25 m×0.0125 m and 0.25 m ×0.15 m), which represents two 
types of flame ejection behavior for different ventilation factors (the flame base position shown here 
in Fig. 8(b) is an average value obtained from 30 s video (totally 1500 frames)):  
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(1) For the smaller opening 0.25 m×0.0125 m (similar observations for 0.25 m×0.025 m, 0.25 
m×0.05 m, 0.25 m×0.075 m), once the flame ejects out through the opening, the flame base is 
located at the bottom edge of the opening and the flame fills the whole opening;  
(2) For the larger opening 0.25 m ×0.15 m (similar observations for 0.25 m ×10 cm, 0.25 m 
×0.125 m), when the HRR is small the flame firstly only fills the upper part of the opening after 
ejection and the flame base is located at around the middle of the opening, which is similar to 
previous observations [7, 14]. However, the flame base descends gradually with increasing fuel 
supply and finally reaches the bottom edge of the opening at the critical transitional state.  
As the flame fills the whole opening, there is no air flowing into the compartment through the 
opening and thus no flaming combustion inside the compartment (although the volatiles could 
continue to release from the combustible surface which could be still at high temperature, as the 
radiation feedback from the compartment walls and hot gases to the combustible surface could be 
still high to support the volatile release). This is evidenced by the sudden drop of the temperature 
inside the compartment to a much lower level (Fig. 2) as well as the associated sudden increase of 
facade flame height observed in Fig. 8 (b). 
The sudden change of facade flame height for the transition from under-ventilated condition to 
the transitional state is more clearly shown in Fig. 9, which presents quantitatively the evolution of 
facade flame height with the fuel supply heat release rate for various openings. For the relatively 
small openings (opening height less than or equal to 0.075m), the flame height increases gradually 
with increasing heat release rate (the transitional state occurs once it becomes under-ventilated). For 
the relative larger openings (opening height more than or equal to 0.1 m), flame height firstly 
increases gradually (common under-ventilated condition, solid symbol), but it is then followed by a 
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sudden jump increase (transition to transitional state of under-ventilated condition, hollow symbol) 
with increasing fuel supply heat release rate. 
Figure 10 presents the normalized facade flame height ( 1fZ ) versus the dimensionless 
excess heat release rate ( *
5 2
p 1
1500
= totalex
a a
Q A H
Q
T c g

) according to Eq. (1). It shows that the data in 
common under-ventilated compartment fires (solid symbol) can be well correlated by the classic 
model (Eq. 1), which falls into two regimes [7] (sub-figure in Fig. 10: a 2/3 power dependence on 
heat release rate for relative smaller fires, 
*
exQ <1.3; whereas a 2/5 power dependence for relative 
larger fires, 
*
exQ >1.3). However, it is clearly shown that the data for transitional state 
under-ventilated compartment fires (hollow symbol) cannot be represented by the classic model 
(Eq.1). In the following section we will develop a non-dimensional model for the data in the 
transitional state. 
Figure 11 presents schematically a physical interpretation and modeling of facade flame height 
for the transitional state of under-ventilated condition (Fig. 11b) and a comparison with the classic 
model proposed by Delichatsios [7] for common under-ventilated conditions (Fig. 10a). For common 
under-ventilated condition compartment fires (Fig. 11a), only part of the fuel burns outside ( exQ ) 
represented by a rectangular source model siting at the upper part of the opening whose physical 
horizontal length scales are 1  and 2 . However, when the transitional state of under-ventilated 
condition has been reached (Fig. 10b), all the fuel burns outside the opening and the whole opening 
is filled with flame. The facade fire condition in this case is fundamentally different from that in the 
common under-ventilated condition compartment fires (Fig. 11a), but is more similar to that in a wall 
fire. 
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Coutin et al. [40] showed that the flame height for unconfined wall fires generated by a gaseous 
burner embedded in the walls was independent of the pyrolysis length (the height of the burner, 
which was arranged vertically) when the flame height was larger than 1.5 times the pyrolysis length. 
Figure 12 further correlates the facade flame height at the transitional state of under-ventilated 
compartment fires for various openings against a newly defined dimensionless total heat release rate, 
using the opening width as the characteristic length scale. All the experimental data of the 
transitional state of under-ventilated condition for various openings can be correlated well with a 2/3 
power dependence of the dimensionless flame height on the dimensionless heat release rate, typically 
found for wall fires. This result is also consistent with our previous observations that at this state no 
air flows into the compartment and all fuels are consumed outside the compartment. 
2 3
5 2
3.55
f total
a p a
Z Q
W c T gW
 
  
 
 
                          (12) 
It is noted that there is some deviation of the correlation from the data of wall fire [38]. This should 
be due to the inherent difference between facade fire and wall fire. Actually, the facade flame 
through the compartment opening has a nature feature of horizontal momentum. The flame ejects 
through the vertical opening for a certain horizontal distance then turns upward. However, for the 
wall fire, the flame is just driven upward by its buoyancy. It is the horizontal momentum that drives 
down the flame from upward spreading, which makes the flame height of a facade fire through the 
opening to be relatively smaller than that of a wall fire, as shown in Fig. 12. 
4 Conclusions 
The present study reports the quantification of a transitional behavior of under-ventilated 
compartment fire with increasing fuel supply as well as the associated facade flame height evolution, 
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which remains a knowledge margin. Major new findings are: 
(1) A transitional behavior of under-ventilated compartment fires is observed experimentally 
when the fuel supply rate increases beyond a critical value. After this transition, no air flows into the 
compartment and all combustion occurs outside the compartment with the temperature inside the 
compartment experiencing a sudden drop to relative low level accompanied with a sudden increase 
of facade flame height outside the opening (Fig.2 and Fig.8); 
(2) The reaching of this transitional state with increasing fuel supply has been shown to have 
two different transition behaviors depending on the opening size. For relative smaller openings
0.5 0.0033
critical
A H  
  kg/s, two-stage transition occurs in comparison with three-stage transition for 
relative larger openings 0.5 0.0033
critical
A H  
  kg/s. The fraction (
 ) of the air inflow rate to the 
stoichiometric requirements for a given fuel flow rate is found to be independent of opening 
ventilation for relatively small openings ( 0.5 0.0033A H     kg/s), while it deceases with opening 
factor for relatively large openings ( 0.5 0.0033A H     kg/s). The critical fuel supply flow rates for 
reaching this transitional state for the two opening conditions are deduced (Eqs. (7) and (11)). 
(3) A new non-dimensional model (Fig.11) is proposed to correlate the facade flame height at 
the transitional state of under-ventilated compartment fires, which is shown to have a 2/3 power 
dependence (typically found for wall fires) on the dimensionless total heat release rate using the 
opening width as the characteristic length (Eq. (12) and Fig. 12). 
 The new findings about the transitional state especially the “flame jump” behavior leading to a 
sudden increase of flame height will be essential aspect to be noticed in practical fire safety 
engineering of facade fires through the window. This is important for the fire hazard evaluation, as 
well for the safety of fire fighter during the fire rescue and firefighting of such scenario. It could be 
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interesting to explore more practical significance of this phenomenon as a future notice.  
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Fig.1 Experimental setup  
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Fig.2 Variation of gas temperature inside the compartment with heat release rate and 
associated flame phenomenon for each opening (Stage Ⅰ: well-ventilated state; Stage Ⅱ: 
under-ventilated state; Stage Ⅲ : a transitional state of under-ventilated condition) 
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Fig.3 Variation of air mass inflow with fuel mass flow rate based on the theoretical analysis 
of mass conservation  
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Fig.4 The critical opening size for dividing the two kinds of transitions and the correlation of 
the critical fuel supply flow rate for relatively small openings reaching the transitional state 
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Fig.5 Correlation of the value  for critical fuel supply flow rate against the air mass inflow 
rate for classical under-ventilated fire 
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Fig.6 Comparison of experimental values of critical fuel supply mass flow rates with the 
proposed model for various opening sizes 
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Fig.6 Comparison of experimental values of critical fuel supply mass flow rates with the 
proposed model for various opening sizes 
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Fig.7 Critical fuel supply mass flow rate as a function of the ventilation factor of the 
opening for both two-stage transition and three-stage transition, and the approaching by 
proposed piece-wise function 
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Fig.8 Two types of facade flame height evolution with increasing of fuel supply heat release 
rate for under-ventilated compartment fire 
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Fig.9 Measured facade flame height with increasing of fuel supply heat release rate showing 
quantitatively its sudden change when turning to the transitional state 
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Fig.10 Plot of normalized facade flame height against dimensionless excess heat release rate for 
various openings based on the classic model (Eq. 1)  
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Fig.11 A physical interpretation and modeling of facade flame height for the transitional state 
(b) and comparison with the classic model [7] (a)  
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Fig.12 A proposed new correlation of facade flame height with total heat release rate for 
various openings for the transitional state of under-ventilated condition 
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Figure Captions 
Figure 1: Experimental setup. 
Figure 2: Variation of gas temperature inside the compartment with heat release rate and associated 
flame phenomenon for each opening (Stage Ⅰ : well-ventilated state; Stage Ⅱ : 
under-ventilated state; Stage Ⅲ: a transitional state of under-ventilated condition). 
Figure 3: Variation of air mass inflow with fuel mass flow rate based on the theoretical analysis of 
mass conservation. 
Figure 4: The critical opening size for dividing the two kinds of transitions and the correlation of the 
critical fuel supply flow rate for relatively small openings reaching the transitional state. 
Figure 5: Correlation of the value  for critical fuel supply flow rate against the air mass inflow 
rate for classical under-ventilated fire. 
Figure 6: Comparison of experimental values of critical fuel supply mass flow rates with the 
proposed model for various opening sizes 
Figure 7: Critical fuel supply mass flow rate as a function of the ventilation factor of the opening for 
both two-stage transition and three-stage transition, and the approaching by proposed 
piece-wise function 
Figure 8: Two types of facade flame height evolution with increasing of fuel supply heat release rate 
for under-ventilated compartment fire. 
Figure 9: Measured facade flame height with increasing of fuel supply heat release rate showing 
quantitatively its sudden change when turning to the transitional state. 
Figure 10: Plot of normalized facade flame height against dimensionless excess heat release rate for 
various openings based on the classic model (Eq. 1). 
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Figure 11: A physical interpretation and modeling of facade flame height for the transitional state (b) 
and comparison with the classic model [7] (a). 
Figure 12: A proposed new correlation of facade flame height with total heat release rate for various 
openings for the transitional state of under-ventilated condition. 
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